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A b stract.
H adron modifications in nuclear m atte r are discussed in connection to  chiral sym m etry 
restoration and /o r hadronic many body effects. Experim ents w ith photon, proton and heavy 
ion beams are used to  probe properties of hadrons embedded in nuclear m atte r at different 
tem peratures and densities. Most of the inform ation has been gathered for the light vector 
mesons p, u  and p. HADES is a second generation experiment operating a t GSI w ith the main 
aim to study in-medium modifications by means of dielectron production a t the SIS18/Bevelac 
energy range. Large acceptance and excellent particle identification capabilities allows also for 
measurem ents of strangeness production. These abilities combined w ith the variety of beams 
provided by the SIS18 allow for a characterization of properties of the dense baryonic m atter 
properties created in heavy ion collisions a t these energies. A review of recent experim ental 
results obtained by HADES is presented, w ith main emphasis on hadron properties in nuclear 
m atter.
1. In tro d u ctio n
Sizable spectral modifications have been predicted by various theoretical models for hadrons 
embedded in cold or hot and dense nuclear m atter. In this respect, most a tten tion  has been 
focused on properties of the light vector mesons (p, w, and 0 ) as probes of chiral symm etry 
restoration (for reviews see [1, 2]). Early work based on QCD sum rules suggested a direct link 
between changes of the meson masses and QCD vacuum properties, characterized by a reduction 
of the expectation value of the two-quark condensate [3, 5]. More recent work shows however 
th a t, while such a link indeed exists, it is much more sophisticated th an  originally thought and 
offers a ra ther limited predictive power [1].
O n the experim ental side, a lot of experim ental activities have been carried out over the last 
years investigating the light vector meson production off nuclei w ith proton and photon beams, 
and in heavy ion reactions. Two experim ental approaches have been used to  identify in-medium 
modifications of the vector mesons: (i) directly, via the reconstruction of their invariant mass 
d istribution from the detected decay products and (ii) by quantifying the meson absorption in 
nuclei from the production yields and by connecting it to  the in-medium w idth Y^ot by model 
calculations (this m ethod is used for p (y )+ A  collisions). The best suited final sta te  are dileptons, 
which does not suffer strong final-state interactions (FSI) with the nuclear m atter, bu t one has to 
cope w ith the small branching ratios (~  10-5 ). The densities and tem peratures reached in heavy 
ion collisions are of course higher, and larger effects can be expected but one has to  properly
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model the tim e evolution of the collision system to calculate dilepton radiation. Moreover, in 
order to  access the true  in-medium radiation one has to  subtract the contribution of mesons 
decaying in the late sta te  of the heavy ion collision, th a t is after the so called ”freeze-out” where 
all interactions between the produced particles have ceased.
Results from p(y) — A experiments are somehow controversial: while the E325 experiment 
a t KEK claims [4] the observation of a mass drop of the p meson in the e+e-  invariant mass 
spectrum  according to  the Brown-Rho scaling [5], investigations a t JLAB (CLAS) [6] does 
not corroborate such a conclusion showing only slight broadening of the p. Transparency 
m easurem ents for the w at ELSA/M A M I (CBELSA-TAPS) [8] and JLAB [7], and 0 a t COSY 
(ANKE) [9], LEPS at Spring8 [10] indicate large absorption of both  mesons. However, 
the extraction of the in-medium widths from the m easured nuclear transparency is not 
straightforw ard and even model dependant (for a review see T. Rodrigez's contribution to  this 
conference).
In heavy-ion collisions, the search for vector meson spectral modifications via dilepton 
spectroscopy was pioneered by the CERES [11] and HELIOS [12] collaborations a t the CERN 
SPS and the DLS experiment [13] at Bevalac. A low-mass pair excess, below the p/w pole, above 
the yield expected from free hadron decays after the freeze-out, was reported and was widely 
discussed in many theoretical papers (for a review see [2]). Though the limited statistics of these 
experiments did not allow to derive firm conclusions, results obtained at SPS indicate th a t the 
excess is related to  pions annihilating into the p meson, hence it is directly linked to  the p in­
medium spectral function. The breakthrough in this field was achieved w ith the high-statistics 
NA60 d a ta  set which allowed, for the first time, to  extract the in-medium spectral function of the 
p meson [14]. Comparisons to  various theoretical calculations show th a t the spectral function 
is mainly affected by two in-medium effects: (i) modification of the pion loop in the p meson 
self-energy and (ii) direct rho-meson couplings to  low-mass baryon resonance-hole excitations 
[15]. Furtherm ore, it appears th a t the second mechanism plays the essential role in the observed 
m elting of the p meson in hot and dense nuclear m atter. On the other hand, the naive mass 
dropping scenario was found to  be not supported by the data.
At top RHIC energies, the situation is less clear: first results from most central A u  +  A u  
collisions a t y /s=200 GeV obtained by PH ENIX indicated even larger excess th an  at SPS [16]. 
However, new m easurem ents performed by STAR (see contributions to  this conference) do not 
corroborate this observation.
On the o ther side of the energy scale at 1-2 AGeV, results of the DLS experiment could 
not find a satisfactory explanation for a long time. Dielectron spectra m easured even in light 
C  +  C  collisions were not described by any model calculation showing a large excess in the 
mass 0.6>M e+e-  >0.15 G eV /c2 range. However, nuclear m atter probed in this energy range 
is dom inated by baryons (nucleons and up to  30% low mass-baryonic resonances) and it has a 
different composition from the meson (mainly pion) dom inated one probed at SPS. Therefore, 
it was not clear if the excess is due to  some particular features of baryonic sources not properly 
modeled in the calculations or true in-medium effects.
A clarification of this dilemma was one of the main reasons to  build the HADES experiment 
a t GSI [17]. It is a second generation versatile detector, shown in Fig.1, w ith excellent 
particle identification capabilities and large acceptance. HADES (High Acceptance DiElectron 
Spectrom eter) has, for the first tim e in this energy regime, the capability to  simultaneously 
m easure various rare probes like dielectrons, single (kaons, hyperons) and double strange hadrons 
( 2 - (1321) and 0 mesons. The ability to  study strangeness production is particularly interesting 
from the point of view of still unsettled questions of kaon in-medium properties (for a review see 
[18]). Experim ents performed at GSI by means of KAOS and FO PI detectors provided many 
interesting data. However, further precise measurem ents of kaon flow, low transverse momentum  
distributions of kaons and 0  production are necessary to  fully characterize kaon production in
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heavy ion collisions. Furtherm ore, double strange hyperons have never been m easured before at 
SIS18 energies and likewise first d a ta  on 0 meson production have been only recently provided 
by HADES and FO PI detectors.
F igure 1. Schematic layout of the HADES detector. A  RICH detector with gaseous radiator, carbon 
fiber mirror and UV photon detector with solid CsI photocathode is used for electron identification. 
Two sets of Mini-DrifS Chambers (MDCs) with 4 modules per sector are placed in front and behind the 
toroidal magnetic field to measure particle momentd. A  time of flight; wall TOF/ TOFINO ( the latter one 
replaced in 2010 by a high granularity RPC) accompanied by a Pre-Shower detector at forward angles is 
used for additional electron identification and trigger purposes. Thetarget is placed at half radius off the 
center of the mirror. For reaction time measurement, a START detector is located in front of the target 
[17]
Using the variety of proton, deuteron and ion beams HADES can study elem entary and heavy 
ion reactions creating dense (up) to  3p0) and hot (with tem peratures up to  T = 80 MeV) nuclear 
m atter with relatively long; life tim e (~  10 fm /c). W ith  its future scientific program me at SIS100 
at FAIR it will also cover tine 8 - 1 0  AGeV energy range, where there is no dielectron d a ta  up to 
now. Therefore it also will, togettier w ith the future Compressed Baryonic M atter experiment 
of FAIR [19], provide further valuable d a ta  to  complete our understanding of the nuclear m atter 
phase diagram  in the baryon rich region.
2. E xp er im en ta l p rogram m e o f  H A D E S
The HADES program me realized so far can be divided into three strongly interconnected parts. 
Experim ents studying dielectron, pion and baryon resonance production in proton-proton (at 
1.25, 2.2  and 3.5 GeV) and d +  p (at 1.25 GeV) reactions provided im portant constraints on 
contributions of various e+e-  sources and allowed to  establish model independent reference 
spectra for studies of proton-nucleus and nucleus-nucleus collisions. p +  p collisions a t 3.5 GeV 
provided also valuable new d a ta  on hyperon £(1385) and A(1405) production. The vector mesons 
and the neutral kaon productions were investigated in p +  N b collisions at 3.5 GeV to  search for 
meson modifications in cold nuclear m atter. Small C  +  C  and medium size A r +  K C l collision
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systems were explored in the 1 — 2 AGeV energy range to  verify the origin of the dielectron excess 
observed in DLS experiments and to  study strangeness production (0, K - ,+ ’°, A, 2 - (1321)). 
Studies of nucleus-nucleus collision systems has been continued in 2012 w ith Au +  Au collisions 
a t 1.25 GeV. Below we present highlights of the results obtained so far, w ith emphasis on hadron 
in-medium properties.
3. R e su lts  from  N -N  co llision s
The special character of e+e-  production in N  — N  collisions in the 1-2 GeV beam  energy 
range is given by a strong contribution of baryonic sources: Dalitz decays of nucleon resonances 
R  ^  N e+ e-  (mainly A(1232)) and N  — N  brem sstrahlung, and a strongly rising excitation 
functions of the n meson production [20]. The baryonic sources completely determ ine the e+e-  
invariant mass d istribution above the n° mass a t beam  energies below the n meson production 
threshold (EbgaTO=1.25 GeV) [21]. The la tte r contributes via n ^  e+e- Y decay at the same level 
as the baryonic sources already around 1.6 GeV. The vector meson production is small because 
of the high production threshold (Ebham=1.88 GeV for w) and adds an im portant contribution to 
the invariant mass spectrum  at Me+e-  >  0.6 G eV /c2 . W hile the exclusive w and n production 
in p +  p  reactions close to  the production threshold is very well known, the d a ta  on p are scarce. 
Furtherm ore, in contrast to  the w and 0 production mechanisms, which essentially do not show 
resonance contributions, a strong coupling of the p meson to  the low-mass baryonic resonances 
(D 13(1520),P13(1720),..) has been predicted by many models (see for example [22, 23]). Since 
the p meson is a broad resonance these couplings can lead to  the spectral function very different 
from a simple Breit-W igner distribution even in elem entary reactions. On should underline th a t 
a detailed understanding of these couplings is a prerequisite for any conclusions on in-medium 
modifications in nuclear m atter. This statem ent holds also for the situation at higher beam 
energies where, as already discussed above, baryonic effects are of m ajor im portance for the 
in terpretation of NA60 and CERES data . One should also stress th a t decays processes like 
R ^  N e+ e-  (Dalitz) and R ^  p ( ^  e+e- )N  are strongly linked and should not be in general 
trea ted  as a two separate decay channels. A natural connection should be provided by a structure 
of the electrom agnetic transition  form factors in the time-like region, i.e its dependence on the 
virtual photon (or e+e-  invariant) mass. Calculations performed within the extended Vector 
Meson Dominance (VMD) model [26] and the two component model [27, 28] indeed show the 
im portance of the vector mesons in such transitions. However, new precise d a ta  from proton 
and, in particular, pion induced reactions on such decays are needed to  provide more constraints 
for calculations. We come to  this issue in discussion of the HADES d a ta  obtained at higher 
beam  energy of 3.5 GeV.
The other silent feature of dielectron production in N  +  N  reactions is a very strong 
isospin dependence. This feature was already dem onstrated by the DLS experiment measuring 
excitation functions of the pair production in p +  p and d +  p collisions in the beam  energy 
range E beam 1-4.88 GeV [25]. Though the statistics gathered in these experiments is limited 
and the system atic errors related to  norm alization are large, one can clearly see th a t there is 
a strong increase of the non-trivial pair yield (in the M e+e-  >  M no range) in d +  p reactions 
over the one m easured in p +  p below 2 GeV, w ith maximum around E beam=1.25 GeV. New 
da ta  obtained by HADES stim ulated significant progress in understanding this phenomenon. 
Fig. 2 shows the e+e-  invariant mass distributions obtained in p +  p and, for the first time, in 
quasi-free n  +  p reactions, the la tte r one selected by tagging the proton spectator from d +  p 
collisions, at E beam=1.25 GeV. W hile the p + p  d a ta  can be described rather well by the incoherent 
superposition of the n° and A(1232) Dalitz decays, the p +  n  d a ta  shows a large excess over 
these two contributions a t Me+e-  >  Mno. The situation is not changed by adding a small 
n contribution in the p +  n  case, appearing because of the neutron m om entum  distribution
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F igure 2. Electron pair differential
cross sections as a function of invariant mass 
(full circles) measured in p+p reactions (upper 
panel) and in quasi-free n+p reactions (lower 
panel) at 1.25 GeV. Systematic errors (constant 
in th f whole mats range) are indicated by (red) 
horizomtal bars, statistical errors by vertical 
bars. Expected contributions irom tt°, A (1232) 
and n Dalitz decays obtained by PLUTO evsnt 
generator are shown separately [21]. Solid
curves show predictions from the One Boson 
Exchange Model [29]
F igure 3 . Experimentaf dti/tgi, (same as on 
in Fig. 1) compared to the One Boson model 
[30]. Results without (NEFF) and with (FF2) 
incorporation of the electromagnitic form- 
factor of charged pions are shown separately. 
Solid curves show sum of these contributions 
with the subthreshold p production
inside deuteron. The la tte r one is very well constrained by the known n meson production 
cross section and nucleon m om entum  distribu2ion inside the deuteron (see for details [21]). 
The shaded area shows the uncertainty related to  the eleotromagnetic transition  form-factor of 
the A(1232) ^  N e+ e-  decay calculated here w ithin the Swo-component (quask core and pion 
cloud) model [28]. The solid curve shows predictions of [1-9] based on One-Boson Exchange 
model of the brem sstrahlung process taking into account the coherent sum of resonant SA(t232) 
and non-resonant (so called ”quasi- elastic” brem sstrahlung) contributions [29]. In Fig. 3, we 
show results of recent OBE calculations [30] com pated to  HADES d a ta  which provide a better 
description. In particular, the very different shape of the p +  n  d a ta  is betteo accounted for, due 
to  the incorporation of the electrom agnetic form iactor of the charged pion. This contribution 
is possible since, in contrast to  the p +  p oeaction at charged pion can be exchanged. Although. 
the theoretical description of the p +  n  d a ta  is not yet] finally settled, the d a ta  allow to  construct 
the experim entally derived N  +  N  reference spectrum , which we use for heavy ion reactions to 
account for the contribution of the baryonic sources.
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4. R e su lts  from  p -A  co llision s
p +  p and p  +  Nb collisions a t a beam  energy of 3.5 GeV have been studied by HADES 
with the main goal to  search for in-medium modification of vector mesons in cold nuclear 
m atter. The large acceptance of the detector and the low energy of the beam  allow for a 
detection of e+e-  pairs down to  low m om enta (pe+e-  <  1-0 GeV /c) which are not in the 
CLAS and E325 experiments. Differential e+e-  production cross sections as a function of the 
e+e-  invariant mass (shown in Fig. 4), the m om entum  and the rapidity  have been measured 
for both  reactions [31]. The direct comparison of the measured distributions to  the yields 
expected from the known hadronic sources (from a PY TH IA  calculation) is shown for p +  p 
collisions in Fig. 4 [24]. It reveals an unexplained strength  below the vector meson pole 
which becomes even more pronounced in proton-nucleus collisions. As already discussed in 
the previous sections, one can expect such additional strength  by a strong coupling of the 
p meson to  low-mass baryonic resonances, which are not included in PY THIA. They should 
be reflected in the respective electrom agnetic transition  form factors of R  ^  N e+ e-  decays. 
Indeed, calculations [22] including the form factors of A  ^  N e+ e- , obtained from the two 
component model [28], describe the missing yield but leave no space for a contribution from 
higher-mass resonances. Since the la tte r one are poorly known, an alternative approach, based 
on a resonance model, is commonly used in transport models to  describe these contributions. 
Namely, the dilepton decays of resonances with known decay branches to  N p  are modeled as two 
step process R ^  pN  ^  N e+ e-  using a e+e-  mass dependent decay w idth calculated w ithin the 
VMD model. Indeed, such approach can describe our data , as shown by calculations performed 
with GiBUU [22], assuming strong contributions from D i3(1520), S31 (1620), Pi3(1720) and 
F 35(1905). However, as the authors of [22] conclude, this result should be taken w ith caution 
since the exact production cross sections of the resonances and their decay branches into pN  
are subject of large uncertainties. We hope th a t further studies of exclusive reaction channels 
p +  p ^  n N N  and p +  p ^  ppe+e- , reconstructed in HADES, will shed more light on this 
im portant aspect.
Coming back to  the p +  N b data, we show in Fig. 5 comparison of the e+e-  invariant mass 
d istribution to  the one m easured in p +  p reactions for two m om entum  bins of the outgoing 
dielectron pair. Here, the p +  p cross sections have been scaled up by a ratio  of the to ta l cross 
sections for both  reactions and the averaged numbers of participants calculated w ith a Glauber 
model: apNb/ a ppx  <  > . W ith  such scaling n 0 production m easured in N  +  N
describe describe our C  +  C  d a ta  (see next section), and also, (see Fig. 5), pion Dalitz yield in 
p +  Nb. On the o ther hand, a strong increase of the e+e-  yield below the vector meson pole 
above the p +  p reference is visible for low m om enta pe+e-  <  0.8 G eV /c (see Fig.6 , left panel).
In order to  be tte r quantify this excess we subtract first, the w peak in both  d a ta  samples 
and further subtract the scaled p +  p dielectron yield from the p +  Nb yield. The difference, 
shown in Fig. 6-right panel, represents the additional e+ e-  radiation excess due to  the medium. 
For the scaled spectra the resulting excess for pe+e-  <  0.8 G eV /c corresponds to  a factor 1.5 
±0.3 of the p +  p d a ta  in the invariant mass region between 0.3 and 0.7 G eV /c2 and shows 
an exponential decrease with an additional enhancem ent directly below the vector meson pole 
mass, i.e. between 0.6-0.7. Note th a t this enhancem ent is exactly a t the position where a 
discrepancy is observed when comparing the p +  p d a ta  w ith the PY TH IA  calculation (Fig. 4), 
indicating th a t both  observations might be linked by the same physical process. This might be 
interpreted as a fingerprint of the contribution of secondary processes of the type p +  p ^  n X , 
n N  ^  R ^  N e+ e-  adding also to  this mass region because of the aforementioned strong 
resonance-p couplings. On the other hand, most of model calculations based on hadronic many- 
body interactions predict th a t such couplings strongly modify the in-medium p meson spectral 
function. Therefore, final conclusions about in medium modifications of the p meson in cold
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F igure 4. Comparison of dielectron
cross sections as a function of the 
invariant mass measured i n p  +  p and 
p +  Nb sollisions at beam energy of 3.5 
GeV. For the p + p data, a PYTHIA 
dilepton cocktail composed of various 
e+e-  sources, defined in the legend, is 
displayed in addition [31]
F igure 5. Comparison of the invariant mass spectra 
for e+eV pairs with P e+e- > 0.8 GeV/c (left panel) from 
p+ p  and p+Nb. The inset shows a linear zoom into the 
vector meson region hogether with a fit to the ee peak 
for the p+Nb data. Right: for pairs with P e+e- <0.8 
GeV/ c. The p + p  da.a have been scaled as described 
in the text [31]
nuclear m atte r can be derived only, if a consistent treatm ent of the spectral shape of the meson 
in the medium together w ith a correct handling od the additional yield from secondary reactions 
is achieved.
As the os meson is concerned, we observe th a t for slow paics the yield at the of pole is not 
-educeds however, the underlying sm ooth distribution is enhanced. Thus, the yield in the peak 
is almost zero w ithin eerors. This indicates a strong us absorption in con.rast to  th e p a irs  fram 
the underlying continuum. Assuming th a t the or cross section scales w ith the mass num ber as 
<+es6 =  t—p x A a we obtain as = 0 .38±  0.29 for slow pairs and ce=0.67 ± 0 .1 1  for pe+e-  >  0.8 
G eV /c. Furtherm ore, an analysis of the oo w idth shows, w ithin the error bars, no significant 
broadening;. Both observations are in line w ith the resulls of the CBELSA-TAPS experiment
[32], although ooe should note th a t in contrast to  the p +  A reactions fo r th e  fh o to n  induced 
reactions no initial sta te  effects and consequently a stronger scaling could be expected.
5. R esu lts  from  A -A  coU isions
In the 1 — 21 AGeV energy range, particle production in heavy-ion collisions is dom in ited  by 
f ion production which originates m rinly  from the A(!.232) resonanco. M ultiplicities of heavier 
mesons, mainly n l are already -very low (of order 1 — f% ). Production m ultiplicities ior n 0 and n 
mesons are known from their decay into real phatons from former TAPS m easurem ents at GSI
[33]. The dielectron invariant-m ass distributions measured w it If HA DES in the light C  +  C  (at 
1.0, AGeV) [34] and the medium-heavy A r +  K C l  (at 1.756 AGeV) [35] syslems are shown in 
Fig- 7.
4?lie spectra are normalized to  the mean of the  charged pion (n + , n - ) yields, m easured
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F igure 6. Same as in Fig. 5 but zoomed into the vector meson region. The shaded bands represent the 
systematic uncertainties due to the normalization. Right: Excess yield in the p+Nb  data after subtraction 
of the scaled p+p renerence data (tne w contribution has been subtracted in both data samples). The 
grey region corresponds to the invariant mass range plotted in the left picture [31]
independontly by HADES, and extrapolaten to  the full solid angle. At this energy and for these 
collision systems, it is a good m easure of neutral pion multiplicity. The differential distributions 
obtained in such a way are compared to  the expected mesonic e+e-  cocktail from the n 0,n  
Dalitz and w decays according to  the m easured (for n 0 and n) and extrapolated (from the m T 
scaling for w) multiplicities. One should underline th a t the w peak visible in the invariant mass 
distribution in A r +  K C l collisions allows for the first m easurem ent of meson production at such 
a low energy (below its free N  — N  threshold). As one can see, the e+eo cocktail composed from 
the meson decays does not explain the m easured yields for both  collision systems and leave room 
for a contribution expecttd  )rom the baryonic sources dircussed above: resonance Dalitz decays 
(mainly AS1232)) and nvcleon-bucleon brem sstrahlung. This conclusion is also supported by 
our analysis of the shape of excitation function of the missing contribution th a t appears to  be 
very similar to  the one m easured fo) pions, governed t>e  A(1232) creation, bu t very different 
from the one established )or the n meson [35].
In order to  search for a true  in-medium radiatien  off the dense nuclear phase of collisions we 
compare e+ e-  production rates found in nucleus-nucleus reactions w ith a proper superposition 
of the production rates measured in elem entary collisions. For this purpose, we plon in Fig. 
8 the ratio  of the pair m ultiplicities m efsured in nucleus-nucleus collisions, shown in Fig. v 
(and also for C  +  C  at 2 AGeV), to  the averagvd 1/2(M ppe +  MgUf ) /M ns obtained from 
the e+e-  cross sections shown in Fig. 2 and the known n 0 fross section )or the elem entary 
reactions. Furtherm ore, before the ratios are com puted we subtract for all distributions the 
respective n D alftz contriuutions. The la tte r is m otivated by a very different excfta tion  ffmction 
of the n meson production in nucleus-nucleus and nucleon-nucleon refctions and hence allows 
for comparison ol collisiou systems m eassred at different beam  energieu Normalizbtion to  thv 
Mno takes into account the Vfam energy dependence ol baryonic sources discusued above and 
also the dependence of particle production on system-size via scaling w ith an average number
9
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F igure 7. Left: e+e-  production rates normalized to the n° yield as a function of the invariant-mass 
distribution measured in C +  C collisions at 1 AGeV compared to thermal dielectron cocktail of mesonic 
sources (n°,n,w) after freeze-out [34]. Right: Similar distributions but obtained for Ar +  K C l collisions 
at 1.756 AGeV [35]. Shaded area shows invariant mass region where the pair excess from in-medium 
radiation has been identified (for details see text). Different widths of the w peak in simulated cocktails 
accounts for different mass resolution in both experiments
of participants Apart, which holds at SIS18 energy range (for more details see [35]). As one 
can see all distributions agree in the n 0 mass range confirming our norm alization procedure. 
Furtherm ore, the ratio  is consistent, w ithin statistical and system atic errors, w ith the one for 
C +  C collisions at 1 and 2 AGeV. It means th a t indeed, pair production in the mass range 
Me+e-  <  0.6 G eV /c2 in C +  C collisions can be described as sum of contributions stem ming from 
(i) baryonic sources, extracted  from the N  +  N  collisions, which yield scale as pion production 
and (ii) the n, n 0 mesons accounting for the radiation after freeze-out. This observation explains 
the long standing ”DLS puzzle” of the unexplained yield measured in C +  C collisions by not 
correctly accounted baryonic contributions. In this context we emphasize th a t the DLS and 
HADES d a ta  agree within errors bars as shown by a dedicated analysis [34].
However, a significant excess (2.5-3) w ith respect to the N  +  N  reference is visible for the 
A r +  K C l system  above the n 0 mass, signaling an additional contribution from the dense phase 
of the heavy ion collision. This means th a t going to  the larger collision system  A r +  K C l (Apart 
for A r +  K C l ~  40 should be compared to  A part ~  8 for C +  C for our trigger conditions) 
a stronger than  linear scaling of the pair production w ith Apart is observed. This observation 
can be interpreted as a signature of the onset of a contribution of m ulti-body and m ulti-step 
processes in the hot and dense phase created in collisions of nuclei of sufficiently large size. In 
this context, the propagation of short-lived baryonic resonances seems to play a m ain role. The 
penetrating  nature of the dilepton probe allows to observe an effect of ”shining” of the baryonic 
m atter integrated over the whole collision time. A further im portant test of this scenario will 
be provided by d a ta  recently obtained from A u  +  A u  collisions a t 1.25 GeV .
Interesting new results on the vector meson production in heavy-ion collisions at SIS18 have 
also been obtained from analysis of A r +  K C l data. Besides the w signal discussed above, a 
surprisingly strong 0  meson production have been found from an analysis of the K + K -  final
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F igu re d . Ratio of e+e-  invariant mass 
distributions measured in Ar+KCl and C+C 
with subtracted rj meson contribution to 
the N  +  N  reterence spectrum, obtained ass 
described in text. Total errors, statistical 
and cystematic ate added quadoatically and 
indicated by the shaded band [35].
F ig u r e 9 . Comparison of the measured 
Ry/w ratio (HADES) and statistical model valum 
8THERMUS fit) as wfll as a compilation of data 
from the p+_p and n +  N  reactions Ssee text). The 
ratio is plotted as a function of the excess energy 
above the threshold for the exclusive production 
in p +  p and n +  N  reactions [35].
ctate (see Fig. 10) [36i. The acceptance corrected 0 / K -  ratio  .is found to  be 0.37 ±  0e13 which 
translates info a fraction of 15! ±  7% of negative kaons coming faom 0 decay. Furtherm ore, 
assuming th a t non-uesonant K + K -  production is of the same size, as it is know from N  -0- N  
reactions, an even larger contribution of reactions other than  strangeness exchange (7r_ hyperon 
—it a f iV ) ,  assumed brfore to  Ire the dom inant pro cess in K -  pro ductio n, should 1) e expected.
This, for example, can indicate th a t the 0 meson is producod in m ulti-step processes involving 
short-lived resonancest Luch scenorio is corroborated by BUU transport calculatfons [37] which 
reproduce the yields and spsctral distribufions of K + i° -  and 0 mesons.
Fig. 9 shows the ratio  of the c/s to to1 m ultiplicities meaoured in A r +  K C l collisions at 
1.756 AGeV, together w ith poedictions of the statistical model THERM US and results from 
elem entary reactions [35, 36]. The date; points are p lotted as a function of the excess energy 
above the production threshold for the exclusive 0 production in p +  p and n j - A f  reaclions, 
respectively. One can see from this compaaison th a t in the heavy-ion reaction Ay/W is more than  
one ocder of m agnitude larger th an  in A1 — A- collisions and also at l-ast a factor 3 — 5 farger than  
in pion-induced processes. On fhe o ther hand, fhe ratio  is consiftent w ith the therm al model 
assuming full therm alization and no suppression due to  OZI rules. The ratio  could ot course also 
tie influenced by different absorption processes of both  mesons in nuclear m atter. Indeed, the 
results from cold m atte r experiments, mentioned in the introduction, indicate larger absorption 
of the o  meson as compared to  the 0 w hat could enhance the in-medium Ry/W. The effect of 
o  absorption and the absence of such effect on the 0 was also observed by NA60 in I n  +  I n  
collisions at 158 AGeV [38, 39].
In-m edium  effects on kaons have been studied by means of K0 meson transverse momentum  
distributions in A r+K C l collisions a t 1.76AGeV taking advantage of the good acceptance of
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F ig u r e 10 . Invariant mass distribution of 
K +K ~  pairs (top).The combinatorial back­
ground (shaded area) is obtained by the mixed- 
event technique. The background-subtracted 
distribution (bottom) shows a 0 meson signal 
(grey awea with a Gaussian fit) [36]
F igu re 11. pt distribution of the experimen­
tal Ks data (full triangles) together with the 
results of the IQMD model including a repul­
sive K° -nucleus potential of 46 MeV (dashed 
curves) and without potential (dotted curves) 
[40].
F igure 12 . Top: A — invariant
mass distribution with baengtound (hatched 
hit togram) —alculatcd with event mixing. 
Boi tom: T1f  invariant-mass diriaibugion after 
background cubtraction. The fit lC curve
reptesents e Gadssian fit to thv !^_ i1il21 sigpcall
F igu re 13. The excitation function of the 
E -  (1321) to A +  £° ratio measured by HADES 
(full circles)cand otherihighnenergyaexperiments 
(empty symbols) compared to statistical model 
predictions [42] (solid curves). The arrow 
depict the e - (1321) threshold [42]
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HADES at low transverse m om entum  for the  K 0 ^  n reconstruction [40]. We compared pt 
distributions for different rapidity  bins w ith the corresponding results by the IQMD transport
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approach w ith and w ithout taking into account a repulsive K 0-nucleus potential. For all rapidity 
bins, bu t most evidently a t m id-rapidity (shown in Fig. 11), d a ta  support calculations w ith the 
repulsive potential. Our d a ta  suggest a repulsive in-medium K 0 potential of about 40MeV 
strength  which is slightly higher as compared to  results obtained from experiments studying K ° 
production off nuclei [41].
The ability of HADES for the selection of displaced secondary vertices arising from week 
decays and the high statistics accum ulated for the collision system A r +  K C l a t 1.76AGeV 
allowed to  investigate the deep-threshold production (^/s NN — ^/sthr =-640MeV) of the double- 
strange 5 - (1321) hyperon [42]. The 5 - (1321) was reconstructed in the A — n -  invariant mass 
distribution, shown in Fig. 12, thanks to  a high-purity signal of A identified in the p —n -  invariant 
mass distribution. Fig. 13 shows the ratio  of production rates of 5 - (1321) and A +  E° as a 
function of the to ta l CM energy in N  +  N  collisions m easured by HADES and other high-energy 
experiments. The reconstructed strength  of the signal is compared to  calculations performed for 
Au +  Au collisions with the statistical model of [43]. W hile high-energy d a ta  are well described, 
the present experim ental ratio  is underestim ated, by the model, by a factor of 10 yielding 4 
x 10- 4 . Utilizing the statistical model package THERM US [44] and fitting all particle yields, 
except 5 - (1321), measured in A r +  K C l collisions we obtained tem perature  T = 73± 5  MeV 
and a chemical potential =  780 ±  MeV [45] and an even lower (by factor 2) as compared 
to  [43] ratio  of 5 - (1321)/A +  H° production. In the recent work [46], the strong 5 - (1321) 
production observed in our experiment has been accounted for by strange exchange reactions 
of the type hyperon-hyperon ^  N 5 - (1321). nevertheless, further high statistics measurements, 
in particular of the differential production cross sections, are needed to  shed more light on this 
problem.
6. C on clu sion s
We have presented new results on dielectron and strangeness production in N —N , proton-nucleus 
and nucleus-nucleus collisions. The e+e-  invariant mass distributions measured in p +  p and 
p +  n  collisions a t 1.25 GeV reactions provide an im portant reference for heavy ion collisions. 
In particular, we find th a t the anomalous increase of the pair production in p +  n  collisions, 
stem ming presum ably from the brem sstrahlung process, is the m ain contribution explaining 
dielectron production in the light C  +  C  collisions. However, we also observe a significant pair 
excess in the 0.15< M e+e-  <0.5 G eV /c2 mass range w ith respect to  this N  +  N  reference for 
the medium size A r +  K C l system, signaling an additional contribution from the dense phase of 
the heavy ion collisions. We interpret this as a result of continuous radiation (’’shining”) from 
short lived baryonic resonances (mainly A(1232)) regenerated in m ulti-step processes in dense 
nuclear m atter. An im portant verification of this scenario will be provided by Au +  Au data  
recently collected by HADES.
We find th a t p meson production in our energy range is strongly affected by a strong coupling 
to  low-mass baryonic resonances which is reflected in a significant broadening of the meson 
spectral function already visible in p +  p reactions. These interactions might lead to  a further 
meson modification in cold and dense nuclear m atte r bu t a quantitative assessment can only 
be made after these couplings are be tte r constrained. Presented results from p +  p, p +  Nb 
collisions a t 3.5 GeV and further planned studies of the resonance Dalitz decays in exclusive 
reaction channels are of utm ost im portance.
Studies of the w production off nucleus show a strong absorption of the meson in nuclear 
m atter in accordance with the results from photon induced reactions. The w and 0 signals 
have also been reconstructed in A r +  K C l collisions at energies below the N  — N  production 
threshold. A surprisingly large R ^/w production ratio  (more th an  one order of m agnitude larger 
th an  in N  +  N  collisions) has been found, indicating no suppression for the 0 production and
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consequently a significant contribution to  the K -  production. Also a strong enhancem ent of 
the double strange 2 - (1321) production has been found, even above predictions (factor 10) of 
statistical models. This intriguing results calls for further experim ental studies which will be 
performed with larger collisions systems.
Our programme of investigations of the in medium kaon potential has been started  w ith the 
m easurem ent of K 0 production in A r +  K C l revealing a strong (U=40 MeV) repulsive potential. 
Further studies of K 0 potential in cold nuclear m atte r are on the way with already collected 
p +  Nb data . Charged kaon production by means of flow m easurem ents are planned with future 
Ag +  Ag collisions.
The author thanks GSI D arm stadt for support for this work. The collaboration gratefully 
acknowledges the support by CN RS/IN 2P3 and IPN  Orsay (France), LIP Coimbra, Coimbra 
(Portugal): PTD C /FIS/113339/2009, SIP JU  Cracow, Cracow (Poland): N N202 286038 28-
NN202198639, Helmholtz-Zentrum  Dresden-Rossendorf (HZDR), Dresden (Germany): BM BF
06DR9059D, TU Munchen, Garching (Germany) M LLM unchenDFGEClust: 153VHNG- 330, 
BM BF 06MT9156 TP5 T P 6 , GSI TM Krue 1012, N PI AS CR, GSI TM FABI 1012, Rez, Rez 
(Czech Republic): MSMT LC07050 GAASCRIAA100480803, USC - S. de Compostela, Santiago 
de Com postela (Spain): CPAN:CSD2007- 00042, Helmholtzalliance HA216/EM M I.
R eferen ces
[1] S. Leupold, V. M etag and U. Mosel , Int. J. Mod. Phys. E 1 9 , 147 (2010).
[2] R. R app and J. Wambach, Adv. Nucl. Phys. b f 25, 1 (2000).
[3] T. H atsuda and S. H. Lee, Phys. Rev. C 46 34 (1992).
[4] M. Naruki et al., Phys. Rev. Lett. 96 092301 (2006).
[5] G. E. Brown and M. Rho, Phys. Rev. Lett. 66 2720 (1991).
[6] R. Nasseripour et al. (CLAS Collaboration), Phys. Rev. Lett. 99 262302 (2007).
[7] M. H. Wood et al. (CLAS Collaboration), Phys. Rev. Lett. 105 112301 (2010).
[8] M. K otulla et al. (CBELSA/TAPS Collaboration), Phys. Rev. Lett. 100 192302 (2008).
[9] A. Polyanskiy et al. (ANKE Collaboration) Phys. Lett. B 695 74 (2011).
[10] T. Ishikawa et al., Phys. Lett. B 608 215 (2005).
[11] G. Agakishiev et al. (CERES Collaboration), Phys. Rev. Lett. 75 1272 (1995).
[12] M. M asera (HELIOS Collaboration), Nucl. Phys. A 590 93C (1995).
[13] R. J. Porter et al. (DLS Collaboration), Phys. Rev. Lett. 79 1229 (1997).
[14] R. Arnaldi et al. (NA60 Collaboration), Phys. Rev. Lett. 96 162302 (2006).
[15] H. van Hees and R. Rapp, Nucl. Phys. A 806 339 (2008).
[16] S. Afanasiev et al. (Phenix collaboration), Phys. Rev. C 81 034911 (2010).
[17] G. Agakishiev et al. (HADES Collaboration), Eur. Phys.J.A  4 1 , 243 (2009).
[18] C. Fuchs Prog. P art. and Nucl. Phys., 5 6 , 1 (2006).
[19] C. Haohne et al. (CBM) collaboration, contribution to  this conference
[20] G. Agakishiev et al. (HADES Collaboration), Phys. Rev. C 8 5 , 054005 (2012).
[21] G. Agakishiev et al. (HADES Collaboration), Phys. Lett. B 6 9 0 , 118 (2010).
[22] J. Weil, H. van Hees and U. Mosel, arXiv:1203.3557, O. Buss et al., Phys.Rept. 512 1 (2012).
[23] K. Schmidt et al., Phys. Rev. C 7 9 , 064908 (2009).
[24] G. Agakishiev et al. (HADES Collaboration), Eur. Phys. J. A 4 8 , 64 (2012).
[25] W.K W ilson et al. (DLS Collaboration), Phys. Rev. C .5 7 , 1865 (1998).
[26] M. I. Krivoruchenko et al., Ann. Phys. 2 9 6 , 299 (2002).
[27] G. Ramalho, M.T. Pena, Phys.Rev. D. 8 5 , 113014 (2012).
[28] Q. Wan, F. Iachello, Int. J. Mod. Phys. A 2 0 , 1846 (2005) 1846.
[29] L. P. K aptari and B. Kampfer, Nucl. Phys. A 7 6 4 , 338 (2006); Phys. Rev. C 8 0 , 064003 (2009).
[30] R. Shyam and U. Mosel Phys. Rev. C 8 2 , 062201 (2010).
[31] G. Agakishiev et al., (HADES Collaboration), Phys. Lett.B  7 1 5 ,304 (2012).
[32] M. Nanova et al. (CBELSA-TAPS Collaboration), Phys. Rev. C 8 2 , 035209 (2010).
[33] R. Averbeck et al., (TAPS Collaboration), Z. Phys. A 3 5 9 , 65 (1997).
[34] G. Agakichiev et al., (HADES Collaboration), Phys. Lett. 6 6 3 , 43 (2008).
[35] G. Agakichiev, et al., (HADES Collaboration), Phys. Rev.C 8 4 , 014902 (2011).
14
11th International Conference on Nucleus-Nucleus Collisions (NN2012) IOP Publishing
Journal of Physics: Conference Series 420 (2013) 012013 doi:10.1088/1742-6596/420/1/012013
[36] G. Agakishiev et al. (HADES Collaboration), Phys. Rev. C 8 0 , 025209 (2009).
[37] H. Schade, Gy. Wolf, B. Kampfer, Phys. Rev. C 8 1 , 034902 (2010).
[38] R. Arnaldi et al. (NA60 Collaboration), Eur. Phys. J. C 61 711 (2009).
[39] R. Arnaldi et al. (NA60 Collaboration), Eur. Phys. J. C 64 1 (2009).
[40] G. Agakishiev et al. (HADES Collaboration), Phys. Rev. C 8 2 , 044907 (2010).
[41] M.L. Benabderrahm ane et al. (FOPI), Phys. Rev. Lett. 1 0 2 , 182501 (2009).
[42] G. Agakishiev et al. (HADES Collaboration), Phys. Rev. L ett 1 0 3 , 132301 (2009).
[43] A. Andronic, P. Braun-M unzinger, and K. Redlich, Nucl. Phys. A 7 6 5 , 211 (2006).
[44] S. W heaton, J. Cleymans, and M. Hauer, Comput. Phys. Commun. 1 8 0 , 84 (2009).
[45] G. Agakishiev et al. (HADES Collaboration), Eur. Phys. J. A 4 7 , 21 (2011).
[46] C. M. Ko et. al, Phys. Rev. C 8 5 , 064902 (2012).
15
